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Methods to improve the performance of reflux heat 
pipes for heat recovery applications have been 
examined both analytically and experimentally. 
A survey of literature mdels for the estimation 
of reflw heat pipe transport capacity was per- 
formed and these various models were compared 
with experimental data, A high transport capacity 
reflux heat pipe was developed that provides up to 
a factor of 10 capacity improvement over conven- 
tional open-tube designs; analytical models were 
develope3 for this device and incorporated into a 
computer program "HPIPE". Good agreement of the 
model predictions with data for R-11 and benzene 
reflux heat pipes was obtained. 
1.0 INTRCDUCTION 
This repor t  discusses analyses and experimants d i rec ted  towards t h e  d e v e l o p  
mt of an improved re f lux  heat  pipe f o r  hea t  recovery applicat ions.  The 
result of t h i s  Work has been a "cocurrent flow" hea t  pipe t h a t  has a t r anspor t  
capacity o f  about 10 times t h a t  of  a conventional open-core heat  pipe o r  two- 
phase thermosyphon. This performance increase is t h e  r e s u l t  of  introducing 
a r e l a t i v e l y  simple plate/ tube separator  assembly i n t o  t h e  heat  pipe vapor 
core. This separator  system provides cocurrent vapor-liquid flow i n  a l l  hea t  
pipe sec t ions  and e l iminates  the  vapor/liquid countercurrent shear  t h a t  com- 
monly l i m i t s  r e f lux  heat  pipe capacity and causes v ibra t ion  and thermal in- 
s t a b i l i t y .  
Section 2 of t h i s  repor t  discusses and compares various l i t e r a t u r e  models o f  
r e f lux  heat  pipe t ranspor t  capacity and describes the  ana ly t i ca l  models 
developed f o r  cocurrent flow heat  pipes. The thermal requirements of  heat  
pipes f o r  heat  recovery appl ica t ions  a r e  out l ined and compared t o  the  various 
heat  pipe capac i t i e s  predicted f o r  conventional and cocurrent f l c r  heat  pipes. 
Section 3 presents  a discussion of experimental t e s t s  performed i n  support of 
the  ana ly t i ca l  s tud ies  and a comparison of  these t e s t s  with model predict ions.  
Section 4 is a summary of the work performed and a discussion of  fu r the r  a reas  
meriting atudy. 
2.0 ANALYSIS 
This sec t ion  describes pas t  and present  art i n  t h e  f i e l d  of  r e f l w  hea t  p ipes  
and discusses the  t ranspor t  requirements of  r e f lux  heat  pipes used f o r  hea t  
recovery applicat ions.  Expressions proposed by various inves t iga tors  for 
est imation of  reflwc hea t  pipe t ranspor t  capacity a r e  presented and compared 
with experimental data.  A new ref lux  heat  pipe design is  discussed t h a t  has 
a pa r t i cu la r ly  high t r anspor t  capacity and an a n a l y t i c a l  model f o r  the  device 
is presented. 
2.1 Reflux Heat Pipes 
2.1.1 P r io r  A r t  
The appl ica t ion  of  r e f lux  heat  pipes o r  two-phase thermosyphons t o  energy- 
r e l a t ed  problems i n  a sense began p r i o r  t o  the  development of  heat  pipes i n  
t h a t  the  concept of using closed hea t  t r a n s f e r  tubes p a r t i a l l y  f i l l e d  with a 
vaporizable f l u i d  w a s  t h e  subjec t  of  U. S. patent  a c t i v i t y  a s  e a r l y  a s  t h e  
1920's. Figure 2.1.1 shows the  "Heat Transfer Means1' presented by F. W. Gay 
i n  1929 f o r  recuperator hea t  recovery. The a i r  i n l e t  and stock exhaust 
ducts  were coupled by 
"sealed tubes containing a v o l a t i l e  l iqu id ,  sa id  tubes having 
t h e i r  lower ends i n  contact  with the  outgoing hot  s tack  gases 
and t h e i r  upper ends i n  contact  with ingoing a i r ,  so  t h a t  
sa id  v o l a t i l e  l i q u i d  b o i l s  i n  t h e  lower ends of the  tubes 
under the  influence of  the  heat  of t h e  s tack  gases t o  produce 
a hot  vapor which r i s e s  t o  the  upper ends of the  tubes, the  
heat  thus ca r r i ed  t o  t h e  upper tube ends being radia ted  there- 
from t o  the  a i r ,  and such t r a n s f e r  of heat  operat ing t o  cool 
and condense sa id  vapor f o r  re turn  t o  the  lower tube ends, so 
t h a t  the  cycle of hea t  t r a n s f e r  operations thus produced i s  







FIGURE 2.1.1. REFLUX HEAT P I P E  OR TWO-PHASE THERMOSYPHON PROPOSED FOR HEAT 
RECDVERY APPLICATIGhS I N  1929. 
In  a second patent  issued i n  1930, (2)  Gay applied these re f lux  tubes to t h e  
cooling of  underground e l e c t r i c  transmission l i n e s .  
I n  1965, E. L. Iang patented a ref luxing two-phase hea t  t r a n s f e r  tube (3) 
used f o r  permafrost s t a b i l i z a t i o n  which w a s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  hea t  
t r a n s f e r  tube of  Gay i n  1929, while i n  1973, E. D. Waters patented t h e  
Cryoanchor , a second permafrost s t a b i l i z a t i o n  device r e ly ing  on a ref lux- @ '4' 
ing  two-phase liquid/vapor cycle. Other permafrost-type r e f l w  devices a r e  
referenced by 0' Byrne. (5) 
The f i r s t  mention o f  c a p i l l a r y  wick pumping a s  a means of  l i q u i d  d i s t r i b u t i o n  
i n  a two-phase heat  t r a n s f e r  tube was i n  a 1938 patent(6)  and t h e  1944 pa ten t  
of  Gaugler, (6a) and during t h e  1960's and ea r ly  1970's. it was customary t o  
iden t i fy  two-phase heat  t r a n s f e r  tubes without a cap i l l a ry  wick and with sub- 
s t a n t i a l  f l u i d  charges a s  "two-phase thermosyphons" while those re ly ing on 
c a p i l l a r y  ac t ion  and thin-f i lm evaporation and condensation were ca l l ed  "heat 
pipes". (7)  This d i s t i n c t i o n  has gradually been l o s t ,  and numerous references 
can now be found t o  devices which would have once been c a l l e d  thermosyphons 
t h a t  a r e  now ca l l ed  heat  pipes. Many of these  r e f l w  tubes a r e  subs tan t i a l ly  
overloaded but  employ wicking o r  grooves f o r  cap i l l a ry  l i q u i d  t r ans fe r ,  and 
hence the d i s t i n c t i o n  is a l s o  being l o s t  from an opera t ional  standpoint.  I n  
t h i s  repor t ,  a l l  these heat  t r a n s f e r  devices w i l l  be termed "heat pipes". 
R. A. Ares obtained a patent  i n  1972 on an a i r - to-a i r  heat  pipe heat  recovery 
system similar t o  Gay's t h a t  was f o r  the  precooling of  a i r  f o r  l a rue  re f r ige ra ted  
vau l t s  and produce ripening rooms. (8) The duct-to-duct hea t  pipes were used 
i n  combination with a vapor compression cycle r e f r iue ra t ion  u n i t  t o  os tens ib ly  
reduce t h e  r e f r ige ra t ion  load required f o r  make-up a i r .  In  1973, J. E. Runyan 
and G. M. Grover of Q-Dot Corporation patented a circumferential ly grooved 
heat pipe f o r  near-horizontal d ispos i t ion  i n  a i r - to-a i r  heat  recovery heat  
exchangers which used a cross-shaped extrusion t o  separate the  vapor and 
l iqu id  and thereby reduce wave ac t ion ,  slugging, and o ther  transport-reducing 
liquid-vapor in terac t ions  (Figure 2.1.2). This was followed i n  1974 by a 
FIGURE 2.1.?. REFLUX HEAT P I P E  SEPAIiATOR PROPOSED BY R u n y a n  
AND GROVER. 
second a i r - to-a i r  neat  pipe hea t  exchanger pa tent  by H. G.  Barkmann of Q-Dot 
Corporation, (lo) i n  which the  hea t  pipes were again very nearly hor i ion ta l ,  
and could be regulated i n  transport capacity by tipping. This pa tent  a l s o  
covered hea t  pipes with no i n t e r n a l  wick o r  grooving, and was a continuation 
of a pa ten t  o r ig ina l ly  abandoned i n  1969. Both of these  pa tents  indicated a 
nominal l iqu id  load of about one-third the  t o t a l  heat  pipe volume. 
In  1975, R. L. Pessolano e t  a 1  received a patent  on an a i r - to-a i r  o r  f lu id-  
to-air  heat  pipe heat  exchanger f o r  domestic o r  i n d u s t r i a l  heat ing systems 
that is very s imi la r  t o  Gay's except t h a t  t h e  hea t  pipes a r e  speci f ied  t o  con- 
t a i n  a cap i l l a ry  material  f o r  l i q u i d  t ranspor t  and t o  not  be ".....dependent 
on gravi ty  f o r  operation. 11 (11) 
M. A. Ruch and G. M. Grover of Q-Dot Corporation presented a paper a t  the  
1976 In ternat ional  Heat Pipe Conference describing heat  pipe thermal recovery 
applicat ions and design fea tu res  of hea t  pipe heat  exchangers. (I2) The heat  
pipes described a s  manufactured by t h e i r  company were not l i k e  those described 
i n  the  patents  (9) and ( l o ) ,  but  r a the r  were characterized a s  f i l l e d  with 
1iqui.d t o  50 t o  70% of f r e e  volume and a s  having a small-diameter tube 60 t o  
80% of the  overa l l  length within t h e  l a rge r  diameter tube t o  t ranspor t  l iqu id  
back t o  the  evaporator sect ion.  Transport capac i t i e s  with halogenated hydro- 
carbon f l u i d s  a t  2 t o  10 atmospheres were s t a t e d  t o  be i n  the  range of 1500 to  
2500 watts  f o r  a 2.3 cm I.D. tube, and th ree  t o  four times g rea te r  with the  
re turn  ar tery .  .4 patent wzls awarded i n  1977 t o  Grover (34) as n r e su l t  of t h i s  
work. 
In summary, heat  pipes o r  heat  pipe-like two-phase heat  t r a n s f e r  tubes have 
been used o r  proposed i n  the  United S t a t e s  f o r  heat  recovery appl ica t ions  
since 1929 o r  e a r l i e r ,  but have only received subs tan t i a l  commercial a t r en t ion  
over the  pas t  ten  years. Improvements t o  t h e  bas ic  heat  pipe f o r  r e f lux  opera- 
t ion  have been r e l ~ t i v e l y  few, with the  use of cap i l l a ry  wick o r  grooves a s  a 
l iquid  t ranspor t  means being one of  t h e  most s i g n i f i c a n t  advancements over the  
past  40 years. Some preliminary work has been done on improving t ranspor t  
capacity, but  a s  w i l l  be discussed i n  the following sec t ion ,  most ana ly t i ca l  
and experimental work is  s t i l l  centered around modeling of the  bas ic  r e f l w  
tube a s  described by Gay and others .  
2.1.2 Transport Models 
The predict ion of  r e f lux  heat  pipe t ranspor t  capacity has received s i g n i f i c a n t  
a t t en t ion  over the  pas t  severa l  years ,  b u t  the re  is a s  y e t  no s a t i s f a c t o r y  
ana ly t i ca l  model f o r  t h i s  heat  t r a n s f e r  device. It has been possible through 
dimensional analys is  t o  e s t a b l i s h  empirical operat ing l i m i t s ,  and a sunrmary of  
these models follows. This sec t ion  c loses  with a comparison of each model with 
measured t ranspor t  capac i t i e s  f o r  t h e  2.54 cm I.D. open core heat  pipe described 
i n  Section 3. 
A subs tan t i a l  number of  t h e  capacity models f o r  v e r t i c a l  r e f lux  operation l iken  
the  f a i l u r e  of a r e f l w  hea t  pipe t o  the  phenomena ca l l ed  "flooding" i n  the  
chemical process industry. In  flooding, the  f a l l i n g  annular f i lm develops 
surface waves which grow t o  the point  t h a t  the  e n t i r e  wave is blown back 
towards the  condenser leading t o  evaporator dry-out. 
Wallis Model 
Wallis 2 t  a 1  (I3* 14' assumed t h a t  the  c r i t i c a l  mass flow was re l a t ed  t o  a 
balance between gas i n e r t i a l  forces and hydros ta t ic  forces ,  and t h a t  the  
c r i t i c a l  a x i a l  heat  f l u x  densi ty Q fo r  turbulent  flow i n  both phases was 
aw 
given by 
h fg C' w J ~ D ( P ~ - P , ) P ,  
Qaw = 
where D i s  the  c h a r a c t e r i s t i c  dimension of the  heat  pipe evaporatar/adiabatic 
cross sect ion,  h is the  l a t e n t  heat of vaporization, and p and p a r e  the  
f 9 R v 
l iqu id  phase and vapor phase dens i t i e s ,  respectively.  The constant Cw is a 
constant t h a t  is  l e s s  than o r  equal t o  1.0, the  exact value depending on end 
e f f e c t s  associated with the  t r a n s i t i o n  between evaporator and condenser. For 
a large condenser-to-evaporator cross-section r a t i o  and a sharp-edged 
t r a n s i t i o n ,  C = 0.725. (15) For hea t  p ipes  i n  which t h e  wett ing angle  is c l o s e  
W 
t o  zero and t h e  evaporator  and condenser have equal  c ross -sec t iona l  a r eas ,  t h e  
cons tan t  C may be very c l o s e  t o  1.0. 
W 
Kutateladze Model 
The Wall is  model does n o t  account f o r  su r f ace  tens ion  e f f e c t s  o r  v i s c o s i t y  
e f f e c t s .  A second approach t o  modeling f looding has used t h e  Kutateladze 
number, which expresses  t h e  balance between su r f ace  tens ion ,  hydros t a t i c ,  and 
i n e r t i a l  forces ,  
where 
and wher2 jv and j a r e  t h e  volumetric flows of  vapor and l i q u i d  per  u n i t  L 
cross-sec t iona i  a r ea ,  and a is t h e  su r f ace  tension.  
Solving (2.1-2) f o r  t h e  case  i n  which t h e  mass flows of vapor and l i q u i d  a r e  
equal ,  t h e  c r i t i c a l  hea t  f l u x  dens i ty  is  found t o  be 
The t h e o r e t i c a l  value of C is 5.y The Wall is  and Kutateladze models of k 
c r i t i c a l  f l u x  a r e  not  independent, s ince  t h e  r a t i o  of ( 2 . 1 - 1 )  t o  (2.1-5) i s  
where the quantity in the square root is the Band number, i-e., the ratio of 
hydrostatic-to-surface-tens ion forces, 
Composite W e l s  
Wallis and nakkenchery (I4) and Tien and Chung (16) recognized the fact that 
Qak is a phenomenologically more appropr-ate limit for large heat pipes where 
onrhsllre effects disappear wnile Q is more appropriate for small tubes 
aw 
where the volume per unit contact area is much less. Tien and Chung modified 
C for use in equation (2.1-5) as follows to bridge the gap between the two k 
models : 
In the limit of small Bond numbers, when the modified Kutateladze number Ckt 
is substituted into (2.1-5), the resulting flux limit is of the Wallis form 
[equation (2.1-111. while for large Bond numbers, Ckt tends towards C and k 
the critical flux tends towards the Kutateladze limit. 
The modified Kutateladze fiumber C does not represent experimental data in kt 
the transition region as well as might be desired because of the sluggish 
response of eqilation (2.1-8) to Bo. A more satisfactory transitional 
Kutateladze n~mber which also provides Q for small Bo when substituted 
aw 
into (2.1-5) is 
2 
where a = (cW/Ck) . 
A comparison o f  t hese  models wi th  a l a r g e  body of experimental r e f l u x  tube 
and open t h e m s y p h o n  d a t a  is given i n  F igure  2.1.3. The peak f l u x  d a t a  have 
been r a t i o e d  wi th  r e spec t  t o  equat ion (2.1-51, us ing  C f r o m  equat ion (2.1-8) k t  
and Cw equal t o  0.725 and 0.9 i n  equat ion (2.1-9). The d a t a  are represented 
more accura te ly  with t h e  proposed empirical model 
where 
Hawever, equat ion (2.1-10) and the  Wallis c r i t i c a l  f l u  model may be o f  ques- 
t i onab le  value f o r  h e a t  p ipes  having very small  c ros s  sec t ions .  It does no t  
seem phys ica l ly  c o r r e c t  t h a t  t h e  Bond number should become o f  n e g l i g i b l e  
importance f o r  small tubes,  s i n c e  t h i s  is t h e  d i r e c t i o n  c f  increas ing  su r f ace  
tens ion  forces .  Also, t h e  models do not  include any e f f e c t s  o f  l i q u i d  o r  vapor 
v i scos i ty .  A major j u s t i f i c a t i o n  f o r  t h e  use o f  equat ion (2.1-10) is t h a t  a 
l a r g e  body of  da t a  is c o r r e l a t e d  q u i t e  w e l l  by t h i s  model. 
Bezrodny e t  a1 
Bezrodny and Beloivan have repor ted  c o r r e l a t i o n s  based on ex tens ive  r e f l w  
hea t  pipe d a t a  using water,  e t h y l  a lcohol ,  ai3 Freon-12. (17) They found two 
flow modes f o r  hea t  pipes i n  t h e  1 t o  5 c m  I.D. range--below a critical f l u i d  
f i l l  of about 25% of t h e  evaporator  volume, t h e  hea t  p ipe  would e x h i b i t  one 
hea t  f l ux  l i m i t ,  while  a s l i g h t l y  l a r g e r  f i l l  would paradoxical ly  r e s u l t  i n  a 
20 t o  25% lower capaci ty.  T\is w a s  a t t r i b u t e d  t o  a change from annular  t o  
s lug  flow a t  higher mass loadings c r e a t i n g  a n e t  decrease i n  r e tu rn ing  conden- 
s a t e .  
The c o r r e l a t i o n s  derived from these  d a t a  by Bezrodny and Beloivan a r e  based 
on a modified Kutateladze number, where t h e  c r i t i c a l  h e a t  f l ux  dens i ty  Qab is 
- 0 -  TlfN/CHUNG CORRELATION (oqn 2.1.8) 1 EQUATION (2 .1 .4  
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FIGURE 2.1.3. A COMPARISON OF FLOODING DRY-OUT DATA WITH TWO 
HYDRODYNAMIC MODELS. 
and c = C km 
1 P 
where K = P~ / [~~ (D~-P~ ) I  '1 
P 
The modified Kutateladze number Ckb is dependent on t h e  system s a t u r a t i o n  pres- 
s u r e  Ps through a dimensionless p re s su re  k and f a l l s  i n  t h e  fol lowing ranges P' 
depending on t h e  va lue  o f  K . For 5(103) k 1 5(104), 
P P 
4 5 
F o r  t h e  h igher  p re s su re  range 5(10 ) 5 K 5 3.5(10 ) , it was found t h a t  
P 
Bezrodny and Sakhatsh performed a d d i t i o n a l  tests on t i l t e d  water  hea t  p ipes  of  
1.2 t o  3.8 cm I . D .  (18) Typical  d a t a  are shown i n  Figure 2.1.4. The b i s t a b l e  
opera t ion  discussed e a r l i e r  at higher  tilts is q u i t e  obvious. For t h e  tilt 
angle  €I i n  t h e  range 5 to 30°, t h e  d a t a  were c o r r e l a t e d  wi th  t h e  formula 
0.54 0.44 
Qac = 3300 Ps 0 L?., (w/cm2 (2.1-17) 
with vapor pressure  P i n  MPa and t h e  l eng th  i n  moters.  
S 
Kusuda and Imura 
Kusuda and Inura have developed a model f o r  v e r t i c a l  re f lwc  t r a n s p o r t  capac i ty  
t h a t  is based on a semi-empirical phys ica l  model r a t h e r  than dimensional 
ana lys i s .  (19) A r e l a t e d  approach is given i n  re fe rence  19a. This  r e l a t i o n s h i p  
based on d a t a  gathered a t  1 atmosphere vapor pressure ,  g ives  t h e  c r i t i c a l  hea t  
f l u x  dens i ty  Qac f o r  t ubu la r  hea t  p ipes  a s  
TILT A N G L E  (DEGREES) 
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(2.1-181 
where D = heat  pipe diameter, u = viscos i ty ,  h = l a t e n t  heat  per u n i t  mass, 
f g 
Le = evaporator length, C = s p e c i f i c  heat ,  and  AT^ = condensate subcooling 
P 
r e l a t i v e  t o  t h e  vapor core. 
University o f  S t u t t g a r t  
Abhat, Nguyenchi, Groll ,  and o thers  a t  t h e  I n s t i t u t  f &  Kernenergetik have been 
studying smooth-wall and screened-wall r e f lux  heat  pipes and have published 
severa l  papers on t h i s  work. (20-23) An important cont r ibut ion  of t h i s  work has 
been de ta i l ed  study of t h e  r e l a t ionsh ip  between a x i a l  and r a d i a l  hea t  f l u x  
limits. For shor t  heat  pipes operated with low vapor pressure f lu ids ,  t h e  heat  
f l u x  a t  t h e  heat  pipe surface may l ead  t o  f i lm bo i l ing  o r  depriming p r i o r  t o  
any a x i a l  heat  f l u x  l i m i t  being exceeded. Based on influence parameter s tud ies  
of water-charged screened wick hea t  pipes,  the  following power-law r e l a t i o n s  
have been found t o  describe dependence of  l imi t ing  hea t  f l u x  on system 
variables.  (23) 
+3.49 dependence on heat  pipe O.D. 
+0.727 on the  f r ac t iona l  l i q u i d  f i l l  of t h e  evaporator 
+0.424 dependence on s i n  etilt 
-0.404 dependence on evaporator length 
-1.0 on t o t a l  f l u i d  volume 
2.1.3 Comparison of Models 
Figures 2.1.5 and 2.1.6 show the  various models described i n  t h i s  sec t ion  com- 
pared with experimental da ta  gathered a t  t h i s  f a c i l i t y  with the  2.54 cm I . D .  
re f lux  heat  pipe shown i n  Figure 3.1.4. For these t e s t s ,  the  heat  pipe core 
was open. The measured c r i t i c a l  heat  f luxes should be somewhat lower than 
the predicted values s ince  heat  pipe burnout was i d e n t i f i e d  as  the  point  a t  
which the overa l l  heat  pipe conductance began t o  decrease, s ince  the  general 
da ta  trend was an increasing overa l l  conductance unless burnout was imminent. 
ENZENE 
2.51 Enr ID 
DATA. THIS STUDY 
FIGURE 2.1.5. CRITICAL AXIAL HEAT FLUX PREDICTIONS FOR A 
2.54 CM I.D. HEAT PIPE CHARGED WITH BENZENE. 
FIGURE 2 . 1 . 6 .  CRITICAL AXIAL HEAT FLUX PREDICTIONS FOR A 
2 . 5 4  CM I . D .  HEAT PIPE CHARGED W I T H  R-11. 
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I n  the  case of benzene, the  burnout w a s  very rapid,  with a sharp reduction 
i n  conductance, while with R-11, t he  conductance would o f t e n  decrease 
gradually s o  t h a t  burnout w a s  d i f f i c u l t  t o  ident i fy .  The da ta  agrees w e l l  
with equation (2.1.9) i f  Cw is assumed t o  be i n  the  range 0.7 s Cw s 0.95. 
2.1.4 Transport Requirements 
Up t o  t h i s  time, the appl ica t ion  of  heat  pipes t o  heat  recovery has been 
primarily i n  the  area  of  a i r - to -a i r  recuperators.  Heat from exhausting hot  
gases (such a s  from furnaces, ovens, dryers ,  inc inera tors ,  gas turbines ,  s t a l e  
building a i r ,  e t c . )  is reclaimed and used t o  heat  incominu cold a i r  a s  
described i n  Section 2.1. In many of  these a i r - to-a i r  appl ica t ions  where the  
overa l l  temperature d i f ference  between the  hot  and cold streams is small,  t he  
performance of t h e  heat  exchanger is primarily l imi ted  by the  thermal r e s i s t ances  
associated with the  finned exter iors .  A s  t he  temperz-.we di f ference  between the  
two streams increases, however, it is possible t o  exceed e i t h e r  the  i n t e r n a l  
surface vaporization l i m i t  of the  heat  pipe o r  its a x i a l  t ranspor t  capacity. 
These l i m i t s  w i l l  a l so  be approached with g rea te r  frequency when the  heat  pipe 
is used i n  s i t u a t i o n s  where ex te r io r  heat  t r a n s f e r  coe f f i c i en t s  a r e  l a rge r ,  sach 
a s  i n  a i r - to- f lu id ,  l iquid-to-air ,  o r  l iquid-to-l iquid heat  recovery applica- 
t ions. 
Various corre la t ions  e x i s t  fo r  heat  t r ans fe r  coe f f i c i en t s  associated with a i r -  
to -a i r  finned tube heat  exchangers. (24-26) An empirical model f o r  t r iangular-  
p i t ch  heat exchangers t h a t  has been found t o  be reasonably accurate is t h a t  of  
Briggs and Young, (24 
where Re = D G /u . 
r m  a 
The Reynolds number P.= is based on t h e  O.D. o f  the  tube, D the mass flow 
r ' 
r a t e  per  u n i t  a rea  a t  minimum heat  exchanger cross  sec t ion ,  Gm, and the  gas 
v iscos i ty ,  u . The heat t r a n s f e r  coe f f i c i en t  is, i n  addi t ion ,  dependent on t h e  
a 
Prandtl  number, Pr,  the  a i r  gap between f i n s ,  S, t h e  f i n  length, L, and the  
a i r  conductivity, Ka. The e x t e r i o r  conductance per  u n i t  length of  a 2.54 cm 
O.D. heat  pipe with L = 1.27 cm is show. i n  Figure 2.1.7 f o r  f i n  d e n s i t i e s  
-1 
of 2.36 cm and 4.72 c m - I  (neglect ing heat  t r a n s f e r  t o  t h e  tube i t s e l f  1 .  For 
each f i n  densi ty,  a range of conductances is shown t h a t  corresponds t o  a f i n  
thickness span of 0 t o  0.10 cm. Table 2.1.1 sunmrarizes the  r a d i a l  hea t  flux 
dens i t i e s  and a x i a l  heat  f luxes per  u n i t  evaporatcr length f o r  typ ica l  f l u e  
gas ve loc i t i e s  and various gas-metal temperature differences.  The lower end 
of the  temperature d i f ference  range is indica t ive  of a i r  conditioning applica- 
t ions ,  the  middle temperature differences a r e  ind ica t ive  of i n d u s t r i a l  air-to- 
a i r  recuperators,  while the upper end is indica t ive  of a i r - to- l iquid  systems 
f o r  the  preheating of process f l u i d s  by f l u e  gases. 
Typical evapbrative heat  f l u x  d e n s i t i e s  f o r  low temperature d i f ference  applica- 
L 
t i ons  range from less than 1 t o  about 2 W/cm . Axial heat  f lux  requirements 
range from several  hundred t o  l e s s  than 2000 watts  per  meter of evaporator 
length. Indust r ia l  a i r - to-a i r  recuperator-type appl ica t ions  show evaporative 
heat  f lux dens i t i e s  i n  the  range of 2 t o  15  w/cm2 and a x i a l  heat  f luxes of  a 
few thousand watts  t o  more than 10 ki lowatts  per meter of evaporator. Air'to- 
2 l iqu id  applicat ions show heat  f lux  d e n s i t i e s  from about 5 t o  25 watts/cm and 
a x i a l  fluxes from several  thousand watts/m t o  a l m s t  20 kW/m. 
~ o s t  of Dowtherms, organic, and halocarbon working f l u i d s  show a x i a l  r e f lux  
t ranspor t  l i m i t s  f o r  a 2.54 cm I . D .  t h a t  a r e  i n  the  range of 1000 t o  2500 
watts.  It is therefore d i f f i c u l t  t o  apply conventional ref lux  heat  pipes t o  
heat recovery applicat ions where the  driving temperature d i f ferences  a r e  la rge ,  
such a s  s tack gas recuperators,  and/or where the  evaporators a r e  longer than 
about 1 meter. A s imi lar  o r  worse s t a t e  of a f f a i r s  i s  found f o r  l iquid / l iquid  
o r  liquid/two-phase process streams where the  heat  t r a n s f e r  coe f f i c i en t s  a r e  
subs tan t i a l ly  la rger  than those found with forced-air and finned-tube systems. 
MAX.  FLUE GAS VELOCITY (CM/ SEC) 
FIGURE 2 . 1 . 7 .  CONDUCTANCE PER UNIT TUBE LENGTH FOR A FINNED 
TIJBE I N  CROSS FLOW FOR F I N  DENSITIES OF 
2 . 3 6  C M ' ~  AND 4.72 CM'~. 
TABLE 2 . 1 . 1 .  HEAT FLUX REQUIREMENTS FOR AIR- 
TO-AIR HEAT RECOVERY HEAT PIPES ( 1 ) 
haximum Air-to-Fin 
2 Per Unit Length Gas Temperature Radial  Flux  Dens i t  f (W/cm ) A x i a l  Heat F lux  (W/M) V e l o c i t y  D i f f e r e n c e  
( l ) ~ e a t  pipe O . D .  = 2 . 5 4  cm; fin l e n g t h  L = 1.27 cm; 
Average a i r  film temperature ? = 232 OC; 
F i n  width = 0.05 cm; fin e f f e c t i v e n e s s  = 100%. 
From an economic standpoint ,  it is fu r the r  c l e a r  t h a t  t o  achieve a given level 
of overa l l  system conductance f o r  a heat  pipe heat  exchanger, it is m r e  des i r -  
able  t o  increase the length of each heat  p ipe  than t o  i n s t a l l  more hea t  pipes,  
but this d i rec t ion  of economic optimization i s  r e s t r i c t e d  by the a x i a l  
t ranspor t  l i m i t .  To expand t h e  use of  heat  pipes t o  more varied heat  recovery 
applicat ions,  it is zopessary t o  develop methods of maximizing heat  pipe r a d i a l  
and a x i a l  heat  f l u x  l i m i t s  and evaporative and condensation heat  t r a n s f e r  coef- 
f i c i e n t s  . 
2.2 Cocurrent Flow Heat Pipe 
As discussed i n  Section 2.1, the  primary f a c t o r  l imi t ing  t ranspor t  capacity i n  
conventional gravi ty  r e f lux  heat  pipes is t h e  countercurrent vapor-liquid shear 
process t h a t  r e s u l t s  i n  l i q u i d  s t a rva t ion  of the  evaporator and subs tan t i a l  
flooding of the  condenser surface.  To reach heat  f lux  l e v e l s  beyond t h i s  
capacity l i m i t ,  a c l a s s  of heat  pipes has been invest igated and modeled t h a t  
operate completely i n  cocurrent two-phase flow. This is accomplished by forming 
what i s  essen t i a l ly  an optimized " themsyphon bo i l e r "  within the  heat  pipe. 
The general configuration studied is  shown i n  Figure 2.2.1. 
In the  evaporator and adiabat ic ,  condensate i s  separated from the  turbulent  two- 
phase mixture produced by boi l ing  by a sheath of impermeable material .  For 
most purposes, t h i s  sheath is  simply a thin-walled tilbe. The tube is open a t  
the lower end and may have an opt ional  s l o t  o r  s e t  of bleed holes along the  
length i n  t h e  evaporator t o  (a)  more uniformly wet the  evaporator I.D. and 
(b) reduce the  overa l l  pressure drop a t t r i b u t a b l e  t o  condensate re turn .  Liquid 
i n  the  condensate tube does not general ly b o i l  except a t  very low heat  f lux  
l eve l s ,  and f o r  a l l  p rac t i ca l  purposes, it can be assumed t h a t  the  condensate 
subcooling is more than adequate t o  f o r e s t a l l  a condensate flow reversa l .  
In the  condenser, the  heat  pipe cross  sec t ion  has been divided i n t o  halves by 
a t i g h t - f i t t i n g  separator  p la t e  t h a t  extends t o  within a few diameters of 
the  bl ind end of the condenser. A t  the  adiabatic-condenser in te r face ,  the  
separator  p l a t e  and condensate re turn  tube a r e  coupled together so  as  t o  d i r e c t  
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FIGURE 2.2.1. HIGH PERFOREIANCE REFLUX HEAT PIPE.  
and transport condensate back t o  t h e  evaporator from one of  t h e  condenser 
half-sections. The condensing taro-phase flow executes a hairpin-shaped flow 
pat tern  i n  the  condenser t h a t  s.1ears stagnant  coneensate from the  condensing 
surfaces  and sweeps it towards t h e  r e tu rn  tube in ter face .  The sec- 
t i o n  t h a t  is joined hydraulical ly t o  t h e  condensate tube p a r t i a l l y  f i l l s  with 
l iqu id  and serves a s  a reservoir o r  hydraulic capacitor ,  reducing the  slugging 
and o s c i l l a t o r y  behavior o f t en  seen i n  open-section re f lux  bo i l e r s ,  while t h e  
high veloci ty flow crea ted  by t h e  se$arator enhances the  condensing hea t  t rans-  
f e r  coe f f i c i en t  by reducing c xdensate f i lm thickness. The high veloci ty  co- 
current  flow a l s o  minimizes l iqu id  puddling a i ~ d  reduces the  l i q u i d  load neces- 
sary t o  sus ta in  a given mass t ranspor t  r a t e .  
A benef i t  deriving from t h i s  type o f  r e f lux  hea t  pipe, i n  addi t ion  t o  high 
hea t  f lux  r a t e s ,  is a subs tan t i a l  body of re levant  ana ly t i ca l  and empirical 
s tud ies  of cocurrent flow t h a t  a r e  of  use i n  modeling and optimization. 
2.2-1 Theory: Cocurrent Flow Heat Pipe 
Ope-ation of a heat  pipe conf iguredas  i n  Figure 2.2.1 has been modeled p r i -  
marily on the  two-phase pressure drop expressions developed by Lockhart and 
Mart inel l i  (27) and by owens. (28) The t ranspor t  capacity is found by determin- 
ing the mass flow r a t e  a t  which the  avai lable  hydros ta t ic  head d i f ference  
between the  "up" l eg  and the  "down" l e g  o f  t h e  flow c i r c u i t  is balanced by the  
f r i c t i o n a l  and accelerat ion pressure drops associa ted  with the  two legs ,  
where AP is the avai lable  hydrostat ic  head, AP is the  pressure drop resu l t ing  
'-3 a 
from f l u i d  accelerat ion,  and AP is the  pressure drop resu l t ing  from f r i c t i o n .  f 
The "up" l eg  of the  flow c i r c u i t  i n  Figure 2.2.1 includes the  evaporator and 
adiabat ic  core sec t ions  surrounding the  condensate tube and the  half-sect ion 
of the condenser with upward two-phase flow. The "down" l e g  includes the  con- 
denier half-section i n  which the  working f l u i d  flow is  downward and the  inner 
core of the  condensate re turn  tube. 
Tie variou pressure drops associa ted  with t h i s  -current flow heat  pipe are 
diagrammed i n  Figure 2.2.2 and are as follows: 
Evaporator (upf low) 
f r i c t i o n a l  pressure drop, R e f 
accelera t ion  pressure drop, Re,, 
Adiabatic (upflow) 
f r i c t i o n a l  pressure d r o p - p r i o r  t o  separator p la te ,  Raf 
f r i c t i o n a l  pressure drop-wi th  separa tor  p l a t e ,  Rasf 
cons t r i c t ion  pressure drop--with separator  p la t e ,  Rase 
Condenser (upf l o w  and downf low) 
f r i c t i o n a l  pressure drops, Rcuf and R 
cdf 
decelerat ion pressure d i f ferences ,  and R 
cda 
expansion and cons t r i c t ion  pressure drops a t  the  condenser 
end of separator  p l a t e ,  R and R 
cue cdc 
Condensate Return Tube (downflow) 
a f r i c t i o n a l  pressure drop, 
expansion an6 cons t r i c t ion  pressure drops, %e* *tc 
The following sect ions o u t l i n e  the  methods used f o r  ca lcu la t ing  each flow 
resistance.  
In the  subsequent analyses, a l l  o r  nust of the  flow c ross  sec t ions  a r e  assumed 
noncircular,  and it is necessary t o  use the  hydraulic radius  approximation f o r  
the  ca lcula t ion  of Reynolds numbers and f r i c t i o n  pressure drops. The expressions 
below a r e  used extensively i n  the  hydrodynamic modeling o f  heat  pipe function 
t h a t  follows. 
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where % is the hydraulic radius,  Pw is t h e  wetted perimeter,  A is t h e  per- 
P 
pendicular f l w  area, i is the  mass flow rate, vav is t h e  mean flow veloci ty ,  
p is the f l u i d  densi ty,  u is the f l u i d  v iscos i ty ,  and F is the Fanning f r i c -  
t i o n  fac tor ,  which is a function of Reh. 
For Reynolds numbers l e s s  than 2000, the f r i c t i o n  f a c t o r  is given by 
6 For Reynolds numbers i n  the  range 2000< R e <  2.5 (10 ), the f r i c t i o n  f a c t o r  expres- 
s ion  used is f o r  hydraulical ly smooth tube, and agrees with Prandt l ' s  universal  
law of  f r i c t ion(29)  t o  within 2 0 . 5 8 ,  
2.2.1.1 Evaporator 
For the  evaporator, the  pressure drops R and Rea were ca lcula ted  using the  
ef(?8) 
homogeneous two-phase flow model of  Owens. 
In reference 28,Owens presents  an ana ly t i ca l  model f o r  the  pressure drop i n  
homogeneous two-phase flow t h a t  compares favorably with experimental da ta  f o r  
air-water mixtures from 14.7 ps ia  t o  3000 ps ia  with q u a l i t i e s  of about 10 t o  
loo%, and for  vaporizing flows of water ranging from 64 t o  381 ps ia  with 
q u a l i t i e s  up t o  57 percent. I f  the  qua l i ty  "x" of the  vaporizing flow changes 
l inea r ly  with a x i a l  evaporator posi t ion,  and i f  both the  l i q u i d  and vapor 
dens i t i e s  and dpv/dP a r e  e s sen t i a l ly  constant ,  then the evaporator pressure 
drop R 
ef + Rea is 
where A = pp/PV - 1; B = G: d ( l / q ) / d P ;  C - G:/pO, where jz is t h e  evaporator 
e 
length, Ge is t h e  t o t a l  mass flow per  u n i t  cross-sect ional  area; x and x are 
0 1 
the  mixture q u a l i t i e s  a t  t h e  evaporator entrance and e x i t ,  respectively,  and 
(dP/dz) is the  pressure gradient  a t  t h e  b l ind  end of the  evaporator,  z = 0, 
with t h e  flow assumed t o  be completely l iqu id ,  i.e., zero qual i ty .  
The pressure gradient  term ( d P / d ~ ) ~  is not  ca lcula ted  d i r e c t l y ,  bu t  is instead 
calculated from the  pressure gradient  a t  the  evaporate? e x i t .  This insures  a 
consis tent  pressure gradient  t r a n s i t i o n  a t  the  evaporator-adiabatic in ter face .  
This gradient  term is calcula ted  as follows. 
Owens shows t h a t  the  f r i c t i o n  f a c t o r  fo r  two-phase flow is very nearly equal t o  
the  f r i c t i o n  fac to r  t h a t  would be used i f  the  mixture were a l l  i n  the  l i q u i d  
s t a t e ,  having zero qual i ty .  Hence, the  f r i c t i o n a l  pressure drop i n  two-phase 
flow, - (dP/dz) tpf,  is approximately the  product of an ar i thmet ic  constant  and 
a term involving the  mean densi ty,  
2 
- (g) 2 FPe [. + 
- j] tpf  2p1 5, 
where F is the  l iquid-s ta te  f r i c t i o n  fac to r ,  X .  is the  average loca l  mixture s 1 
qual i ty ,  and \ is the  evaporator hydraulic radius. Equation ( 2 . 2 - 6 )  would be 
exact i f  F were replaoed by the  unknown two-phase f r i c t i o n  fac to r ,  F . The E t P 
best  constant fo r  (2.2-7) t o  achieve con t inu i t i e s  a t  the  evaporator/adiabatic 
in ter face  is found by ca lcula t ing  the  f r i c t i o n a l  pressure gradient  a t  the  
evaporator e x i t  using the  Lockhart-Martinelli corre la t ion .  
2.2.1.2 Adiabat ic  
%-phase p re s su re  drops i n  the a d i a b a t i c  and sepa ra to r  s e c t i o n s  have been 
nodeled using the empir ical  corre . la t ion o f  bckhart and Mar t ine l l i .  ( 2 7 )  
With t h i s  method of  es t imat ing  two-phase p re s su re  drop, t h e  p re s su re  drop is 
given by e i t h e r  a vapor phase p re s su re  drop  mul t ip l i ed  by a c o r r e c t i o n  f a c t o r  
where II is t h e  length  of  t h e  a d i a b a t i c  s e c t i o n ,  AP is t h e  two-phase pressure  
a t P  
drop, (dP/dzIvs is t h e  pressure  g rad ien t  i f  only t h e  gas w e r e  flowing through 
2 t h e  hea t  pipe c ros s  s ec t ion ,  and Y is a co r r ec t ion  f a c t o r  dependent on t h e  
v 
r a t i o  of  the single-phase l i q u i d  t o  single-phase vapor p re s su re  gradient .  
where 
2 I n  t h e  term X , (dP/dz) Qs is analogous t o  (dP/dzIvs i n  t h a t  it is t h e  pressure  
- 
grad ien t  t h a t  would r e s u l t  i f  on ly  t h e  l i q u i d  phase were flowing through t h e  
hea t  p ipe  . 
The value of t h e  parameter Y* a l s o  depends on whether t h e  single-component 
v 
p a r t i a l  flaws a r e  laminar or  viscous on t h e  h a s i s  of t h e  r e spec t ive  Reynolds 
nwbers .  I f  both p a r t i a l  flows have Reynolds numbers g r e a t e r  than 2000, the 
2 funct ion Y is given t o  wi th in  25% over  t h e  range 0.01< X <  100 by 
v 
( t u rbu len t  vapor, 
y2 = t a r b u l e n t  l i q u i d )  (2.2-11) 
For l iquid-phase Reynolds numbers l e s s  than 2000, t h e  func t ion  y 2  is given over  
v 
the  same range t o  within '8% by 
0.218215 3.31326 ( t u rbu len t  vapor, 
viscous l i q u i d )  (2. 2-12) 
The vapor phase is assumed to be  i n  t u r b u l e n t  flow a t  a l l  times. 
The f r i c t i o n a l  pressure  drop  R 
a s f  ' which must be considered when t h e  sepa ra to r  
p l a t e  extends i n t o  t h e  ad i aba t i c ,  is ca l cu la t ed  using a procedure i d e n t i c a l  to 
t h a t  above. 
The c o n s t r i c t i o n  pressure  drop a s soc i a t ed  wi th  t h e  t r a n s i t i o n  from t h e  adiaba- 
t i c  t o  t h e  ha l f - sec t ion  is ca l cu la t ed  assuming an abrupt  t r a n s i t i o n ,  (30) 
where Gs is t h e  pass flow r a t e  pe r  u n i t  a r ea  of s epa ra to r  c ross -sec t iona l  area, 
A and A a r e  t h e  flow c ros s  s ec t ions  i n  t h e  ad i aba t i c  and sepa ra to r  s e c t i o n s  
a s 
respec t ive ly ,  and "A" is given i n  t h e  nomenclature f o r  equat ion (2.2-5). 
2.2.1.3 Condenser 
For all design cases ,  it is assumed t h a t  t h e  s epa ra to r  p l a t e  ends a t  t h e  con- 
denser  entrance o r  pene t ra tes  i n t o  t h e  condenser f o r  some f i n i t e  f r a c t i o n  of 
t he  condenser length,  and t h a t  t h e  condensation process  occurs  uniformly 
throughout t h e  condenser. A s  a r e s u l t  of v i s u a l  ob.;ervations o f  hea t  p ipe  
opera t ion  using a g l s s s  ad i aba t i c  s e c t i o n ,  t h e  s epa ra to r  p l a t e  is found not t o  
be completely successfu l  i n  separa t ing  t h e  countercurrent  flows wi th in  t h e  
condenser. The upward flowing two-phase mixture can e n t r a i n  s u b s t a n t i a l  amounts 
of  condensate through the  two s l o t s  formed by a l o o s e - f i t t i n g  separa tor  p l a t e .  
To account f o r  t h i s  leakage, t h e  condenser i n l e t  q u a l i t y  X i s  a user-modifiable 2 
var iab le .  The e x i t  q u a l i t y  X i s  a l s o  an  input  va r i ab l e ,  although under normal 5 
condi t ions  o f  f l u i d  charge, X can be assumed equal t o  zero. 5 
The f r i c t i o n a l  and acce l e ra t ion  pressure  changes i n  t h e  condenser arc cal- 
cu la t ed  using the  same homogeneous flow model a s  i n  t h e  evaporator.  However, 
because o f  mixture dece l e ra t ion  a s soc i a t ed  wi th  condensation, t h e r e  is some 
pressure  recovery t o  compensate f o r  f r i c t i o n a l  l o s s .  This p a r t i a l  p ressure  
recovery w i l l  always occur  i n  a zone with decreasi-lg q u a l i t y .  
With a uniform condensation rate, t h e  q u a l i t y  o f  t h e  mixture i n  t h e  condenser 
is assumed t o  change l i n e a r l y  with a x i a l  p o s i t i o n  wi th  t h e  a x i a l  rate-of-change 
doubling once t h e  vapor-liquid mixture e x i t s  t h e  f i r s t  condenser half-sect ion.  
Therefore,  t h e  two-phase q u a l i t i e s  on oppos i te  s i d e s  o f  t h e  sepa ra to r  p l a t e  
are genera l ly  s u b s t a n t i a l l y  d i f f e r e n t ,  even where t h e  upward- and downward- 
moving flows meet a t  t h e  sepa ra to r  p l a t e  e x i t .  These -alities a t  t h e  separa- 
t o r  p l a t e  e x i t ,  X and X4,  a r e  given by 3 
where t is t h e  penet ra t ion  depth a f  t h e  sepa ra to r  p l a t e  i n  t h e  condenser, 
SC 
and R is t h e  condenser length.  
C 
The pressure drop terms R R and R a r e  ca l cu la t ed  using equa- 
cu f*  Rcua* cd f '  cda * 
t i o n  (2.2-5) w i t h  t h e  two-phase q u a l i t i e s ,  s ec t ion  length ,  and i n i t i a l  p ressure  
drops c h a r a c t e r i s t i c  o f  t h e  two condenser ha l f - sec t ions .  
The o u t l e t  and i n l e t  c o n s t r i c t i o n  r e s i s t a n c e s  R and Rcdc assoc ia ted  with 
cue 
t h e  terminat ion of t h e  sepa ra to r  p l a t e  i n  t h e  condenser have been each approxi- 
m e e d  a s  t he  pressure drop assoc ia ted  wi th  a 90° mitered corner.  ( 31) 
where Gc is t h e  mass f low per u n i t  area on e i t h e r  s i d e  o f  t h e  condenser  separa -  
tor p l a t e ,  and F is t h e  f r i c t i o n  f a c t o r  for f low on  e i t h e r  s i d e  of the separa- 
c a 
tor p l a t e ,  assuming a l l  mass flow to  be  i n  t h e  l i q u i d  s tate,  
where i is t h e  condenser  t o t a l  mass f low rate, and Pwc is  t h e  we t ted  p e r i m e t e r  
C 
on  e i t h e r  s i d e  o f  t h e  s e p a r a t o r  p l a t e .  
2.2.1.4 Condensate Tube 
The f r i c t i o n a l  p r e s s u r e  d r o p  i n  t h e  condensate  r e t u r n  tube ,  R t f ,  is c a l c u l a t e d  
u s i n g  e q u a t i o n  (2.2-2),  
where F is t h e  condensate  t u b e  f r i c t i o n  f a c t o r ,  Rh is t h e  t u b e  h y d r a u l i c  r a d i u s ,  t 
and !Jt 1s t h e  condensate  t u b e  l eng th .  
The c o n s t r i c t i o n  r e s i s t a n c e  R a t  t h e  condensate  tube-separa to r  i n t e r f a c e  is t c  
g iven  by 
where Gt is t h e  mass flow per  mi t  area  i n  the  condensate tube, A is t h e  t 
condensate tube flow cross  sec t ion ,  and Ax is the  flow cross-sect ional  a r+a  
on one s i d e  of  t h e  separator .  
The expansion res i s t ance  R represents  the  pressure d i f ference  a r i s i n g  from t e  
flow ex i t ing  t h e  condensate tube of area  A i n t o  the  t o t a l  evaporator cross  
0 
sect ion and the rea f t e r  being d iver ted  180' and const r ic ted  down t o  a smaller 
area  A t h a t  is equal t o  t h e  cross-sect ional  a rea  of  the  evaporator minus the  1 
tube cross-sectional area. This mult iple e f f e c t  flow res i s t ance  has been 
approximated a s  t h e  sum of 
(1) An expansion from area  A t o  area  (Ao + q). 
0 
( 2 )  n jo  90" mitre bend of  cross-sect ional  a rea  (A + A 1. 
0 1 
(3 )  A cons t r i c t ion  from area  ( A  + A ) t o  area  A1. 
0 1 
Employing expansion coef f i c i en t s  i n  references 30 and 31, the  pressure drop is 
where Gt is the  mass flow per u n i t  a rea  i n  the  condensate tube, B = AojA1, 
and F is  the  f r i c t i o n  fac to r  based on the  Reynolds number Re = 4 1 n / [ u ~ ( ~ ~ ~  - PwO)], 
e 
where m is the t o t a l  mass flow, u is the  l i q u i d  v i scos i ty  and P and P a r e  
w l  WO 
the  wetted perimeters of  the  evaporator and condensate tube, respectively.  
2.2.1.5 Hydrostatic Pressure Difference 
The driving pressure d i f ference  f o r  f l u i d  c i r cu la t ion  is the  d i f ference  i n  
hydrostat ic  head between the "up" leg  of the heat  pipe and the  "down" leg.  The 
various gravity pressure d i f ferences  a r e  shown in  Figure 2.2.1 a s  H . .  The 
1 
gravity pressure d i f ferences  f o r  the  evaporator and condenser sec t ioas  of the  
heat  pipe a r e  calculated using t h e  expression derived by Owens fo r  a hmogeneous 
mixture. This expression is,  f o r  the  evaporator gravi ty  head H 
e ' 
where B and A have been p r e v i o u s l y  d e f i n e d  f o r  e q u a t i o n  (2.2.51, and 8 is i h e  
a n g l e  o f  t h e  h e a t  p i p e  axis w i t h  r e s p e c t  t o  h o r i z o n t a l .  For t h e  condenser  
heads HcU and H 11 w i l l  b e  r e p l a c e d  i r  e q u a t i o n  (2.2-22) by t h e  l e n g t h  o f  
cd' e 
t h e  s e p a r a t o r  p l a t e  i n  t h e  condenser,  G w i l l  be r e p l a c e d  i n  "B" by Gc, 
'sc* e 
and t h e  e n t r a n c e  and e x i t  q u a l i t i e s  X X w i l l  be rep laced  w i t h  e i t h e r  X 2 , X J  
0' 1 
o r  xq,x5. 
I n  t h e  a d i a b a t i c  zone and t h e  vapor-phase s i d e  s f  t h e  s e p a r a t o r  s e c t i o n  i n  t h e  
a d i a b a t i c ,  t h e  g r a v i t y  head H is given by 
a 
The g r a v i t y  head f o r  t h e  condensate  t u b e  is 
H~ = p gL s i n e  L t  
I n  t h e s e  e x p r e s s i o n s ,  I. and k a r e ,  r e s p e c t i v e l y ,  t h e  l e n g t h s  of t h e  a d i a b a t i c  
a t 
and t h e  condensate  tube.  I f  t h e  condensate  r e s e r v o i r  shown i n  F igure  2.2.1 f i l l s  
up s u b s t a n t i a l l y ,  L must be  c o r r e c t e d  f o r  t h i s  a d d i t i o n a l  d r i v i n g  f o r c e .  
t 
2.2.1.6 Conclusion - Hydrodynamic Model 
The o v e r a l l  d r i v i n g  g r a v i t y  p r e s s u r e  d i f f e r e n c e  is, t h e r e f o r e ,  
and t h e  sum o f  t h e  f r i c t i o n a l  and a c c e l e r a t i o n  p r e s s u r e  d i f f e r e n c e  terms is  
A hydrodynamically balanced mass f l u x  r e s u l t s  i n  the equa l i t y  
and t h i s  condi t ion  s i g n i f i e s  a v a l i d  hea t  p ipe  ope ra t i ng  poin t .  
2.2.2 Parametric Analysis 
The cocurrent  flow hea t  p ipe  model developed i n  t h e  previous s e c t i o n s  has  two 
parameters,  X and X , which must be s e l e c t e d  on an empir ica l  ba s i s .  The 1 2 
parameter XI is t h e  q u a l i t y  o f  t h e  two-phase mixture e x i t i n g  t h e  evaporator  
while X2 is t h e  q u a l i t y  o f  t h e  t ,m-phase mixture en t e r ing  t h e  condenser. 011 
a t h e o r e t i c a l  b a s i s ,  X2 must equal X bu t ,  i n  f a c t ,  it is d e s i r a b l e  t o  main- 1 '  
t a i n  X2 i n d e p e n d e ~ ~ t l y  ad jus t ab l e  t o  c o r r e c t  f o r  leakage ac ros s  t h e  condenser 
separa tor  p l a t e .  This  p l a t e  cannot be expected t o  hermet ica l ly  s e a l  t h e  
opposing ha l f - s ec t i ons  and, i n  f a c t ,  experiments i n  which a g l a s s  hea t  p ipe  
s ec t i on  was used showed t h a t  considerable  leakage does occur.  These experiments 
a l s o  showed t h a t  t h e  q u a l i t y  o f  t h e  mixture e x i t i n g  t h e  evaporator  approaches 
90-100% near burnout,  s o  t h a t  if burnout po in t s  a r e  t h e  only ope ra t i ng  po in t s  
o f  i n t e r e s t ,  t h e  e x i t  q u a l i t y  X1 does no t  have t o  be s u b s t a n t i a l l y  var ied .  
Figure 2.2.3 presen t s  p red ic ted  t r a n s p o r t  c a p a c i t i e s  a t  25'~ f o r  t h e  "Phase 7" 
hea t  pipe descr ibed i n  Sec t ion  3 using R - 1 1  a s  working f l u i d  and X = 0.9 and 1 
Y2 = q .67 .  The capac i ty  i s  shown a s  a func t lon  of  t h e  r a t i o  of t h e  condensate 
r e t u r n  tube hydraul ic  r ad ius  t o  t h e  hydrau l ic  r ad ius  o f  t.he evaporator  two- 
phase b o i l i n g  s e c t i o n ,  R,v.  The f igu re  shows t h a t  tihe optimum r a t i o  of  
t o  i s  no t  a funct ion o f  tilt angle  and is approximately 
%& 
k / % , v  = 0.65. 

This optimum r a t i o  w i l l  change w i t h  changes i n  f l u i d  proper t ies  and lengths 
of each heat  pipe sec t ion ,  bu t  it can be expected t h a t  i n  most cases ,  the  
r a t i o  w i l l  be less than o r  equal t o  1.0. 
Figures 2.2.4 and 2.2.5 show t h e  influence of  the  q u a l i t i e s  X1 and X2 on 
predicted perfcnnance. Also shown i n  these f igures  a r e  t h e  predicted per- 
formances of  bare tube thermosyphons of equal diameter. Th.2 predicted c r i t i -  
c a l  heat  f luxes a t  the bes t  est imate values of evaporator e x i t  and condenser 
i n l e t  q u a l i t i e s  ( X I  = 0.9, X 2  = 0.67) a r e  bounded within approximately 20% 
by the  conservative estim-.ces of X1 = 0.95, X 2  = 0.9, and X = 0.8, X = 0.5. 1 2 
I t  can, therefore,  be concluded t h a t  the  e f f e c t s  of XI and X a r e  measurable, 2 
buy not d r a m t i c a l l y  so. I t  should a l s o  be noted t h a t  the  e f f e c t s  of vapor 
q u a l i t i e s  on predicted c r i t i c a l  heat f lux  a r e  much l e s s  pronounced a t  lower 
temperatures (lower sa tu ra t ion  pressures) .  
2.2.3 Comparison of Fluids fo r  Heat Pipe Applications 
Table 2 . 2 . 1  presents  the  predicted c r i t i c a l  heat f luxes f o r  various f i u i d s  
using e i t h e r  a conventional open-core r e f lux  heat  pipe o r  a cocurrent flow 
ref lux  pipe. In 11 cases a v e r t i c a l ,  2.51 cn I.D. tube was assumed. For tLe 
cocurrent ca lcula t ions ,  a separator  design, refer red  t o  a s  Phase 10 i n  Section 
3 of t h i s  repcr t ,  was assumed. Operating temperatures were se lec ted  such 
2 
t h a t  the sa tu ra t ion  pressure of the  Fluid was 2 atm (2 .03 x l o 6  dynes/cm 1 .  
By performing a l l  t he  ca lcula t ions  a t  the  same sa tura t ion  pressure, the  vapor 
energy densi ty (vapor densi ty times heat  of vaporization) was approximated equal 
for  a l l  the  f lu ids  examined. 
The f lu ids  examined ccvered a range from cryogenic l iqu ids  t o  molten metals 
and included commun re f r ige ran t s ,  heat t r ans fe r  f l u i d s ,  hydrocarbons, and 
wa:er. Additional f l u i d s  of i n t e r e s t  may be found i n  a repor t  by Saaski and 
Owzar s k i .  (32) 
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TAB;,E 2.2.1. CRITICAL HEAT FLUX POI3 VARIOrJS FUJIDS AT P r 2 ATM SAT 
Temperature Joules Joules Eqn. 2.1-1 e n .  2.1-lo* Hode 1 
L I q u i d  
-- 
(OC - EO (Watts) (Watts) 
benzene 
-Eqns. 2 .1 -1  and 2.1-10 are based on  2 . 5 4  cm bare tube. 
-Cocurrent model is  based on 2 . 5 4  cm I . D .  w i t h  Phase 10 separator 
Values expressed  to u n i t s  d ir j i t  f o r  comparison o n l y .  
As can be seen from t h e  table, l i q u i d  energy dens i ty ,  l i q u i d  dens i ty  t imes 
h e a t  of  vapor iza t ion ,  is  a dominant f a c t o r  i n  determining t h e  performance of  
both t h e  bare tube and t h e  cocurrent  hea t  p ipes .  This is to be expected 
s i n c e  a t  a cons tan t  vapor energy dens i ty ,  the capac i ty  o f  a l l  t h e s e  devices  
is l imi t ed  by t h e  r a t e  a t  which l i q u i d  can be re turned  t o  t h e  evaporator .  
Higher l i q u i d  d e n s i t i e s  provide g r e a t e r  d r i v i n g  fo rces  to r e t u r n  t h e  l i q u i d  
and higher  hea t s  of  vapor iza t ion  y i e l d  l a r g e r  h e a t  t r a n s f e r  r a t e s  pe r  volume 
of  l i q u i d  evaporated. It is i n t e r e s t i n g  t o  note  t h a t  f o r  t h e  cocurren t  h e a t  
pipe with t h e  Phase 10 sepa ra to r ,  t h e  c r i t i c a l  hea t  f l u x  c o r r e l a t e s  w e l l  
with t he  square nwt o f  the l i q u i d  energy dens i ty ,  [ Q ( ~ w ) P  34.4 J p e h f g  (kJlgm)]. 
Titanium t e t r a c h l o r i d e  is of  p a r t i c u l a r  i n t e r e s t  i n  t h a t  it is thermally s t a b l e  
and r e l a t i v e l y  noncorrosive i n  a temperature range o f  i n t e r e s t  f o r  commercial 
hea t  recovery app l i ca t ions .  Tes ts  a t  Sigma Research, Inc. have shown over  
20,000 hours of opera t ion  of  Tic1 i n  hea t  p ipes  made of  carbon s t e e l  a t  4 
temperatures i n  t h e  ranqe o f  1 5 0 - 1 7 0 ~ ~ .  
O f  the  non-liquid metals,  water shows the  h ighes t  hea t  f l ux  capab i l r t y  f o r  both 
open core hea t  pipes and cocurrent  flow hea t  p ipes ,  w i th  ca l cu la t ed  t r anspor t  
c a p a c i t i e s  r e spec t ive ly  of 6500-11,000 wa t t s  and 52,000 w a t t s .  The poores t  
f l u i d  is l i q u i d  n i t rogen  a t  1300-1600 w a t t s  and 14,000 wa t t s  capac i ty ,  respec- 
t i v e l y ,  f o r  conventional and cocurren t  flow 2.54 an diameter heat  pipes.  Most 
r e f r i g e r a n t s  and hea t  t r a n s f e r  f l u i d s  i nd ica t e  t r anspor t  c a p a c i t i e s  of  1100-2500 
wa t t s  f o r  a conventional r e f l u x  hea t  pipe,  and 15,000 t o  20,000 wa t t s  i n  a co- 
cu r r en t  hea t  pipe. I n  general ,  it can be concluded t h a t  a f a c t o r  of  5 t o  10 
improvement i n  capac i ty  is obtained by e l imina t ing  countercurrent  vapor,/liquid 
shear .  
3.0 EXPERIMENTAL TESTS 
3.1 Test Apparatus 
Heat pipes developed f o r  t h i s  p ro jec t  were t e s t ed  i n  one o f  t w o  test stands 
constructed f o r  t h i s  purpose. These test stands consisted of a heat  source, 
cooling water supply, means f o r  a d j u ~ t i n g  the  tilt of t h e  heat  pipe, and a p  
propr ia te ly  placed thermocouples. The f i r s t  t e s t  s tand developed used low- 
pressure steam t o  heat t h e  evaporator. In later t c r s t s ,  a d i r e c t  coupled water 
loop was used. 
3.1.1 --Pressure Steam System 
In  t h i s  system, shown i n  F i g w e  3.1.1, heat  was t ransfer red  t o  the  heat  pipe 
using a water bo i l e r  and steam jacket. This method of heating approximated 
a constant-temperature boundary condition and allowed t h e  heat  pipe t o  operate 
i n  a p a r t i a l l y  burned out  evaporator condition. A previous test system using 
a resistance-heated evaporator was discarded because of hot  spot  probl=ms 
resu l t ing  from loca l  dry-out, and because a constant  f lux  boundary condition 
does not t r u l y  r e f l e c t  the  performance of a heat  recovery heat  pipe. In a 
heat recovery system, +he heat  pipe wall does not rise i n d e f i n i t e l y  i n  tempera- 
tu re  i f  a p a r t i a l  dry-out occurs because (1) the  gas stream-to-fin temperature 
d i f f e r e n t i a l  f a l l s ,  reducing l o c a l  heat  input; (2) the  heat  pipe wall and 
ex te r io r  f i n s  conduct heat  circumferentizl ly t o  areas  t h a t  a r e  wetted; and 
(3) the avai lable  driving temperature d i f f e r e n t i a l  may not be pa r t i cu la r ly  la rge  
i n  m7ny applicat ions.  Furthermore, extensive r e f l w  heat  pipe t e s t  programs i n  
the  USSR (171 have used res is tance  heating and the  adverse e f f e c t s  of tilt on 
capacity discussed i n  these  repor ts  do not coincide with the  observed behavior 
of a i r - to -a i r  heat  recovery heat  pipes produced by U. S. manufacturers, (12) 
while the  da ta  col lec ted  i n  t h i s  program do agree with the  l a t t e r  repor t  i n  
terms of tilt e f f e c t s  on t ranspor t  capacity. However, it should be recognized 
t h a t  a constant-temperature boundary condition is s t i l l  cnly an approximation 
of diverse possible operating conditions, and some differences in  performance 







FIGURE 3.1.1. INITIAL TEST SET-UP FOR REFLUX HEAT PIPE TESTS. 
Heat input to the heat pipe was measured in two ways. The steam boiler supply- 
ing the heat pipe was heated by a water loop, and heat input to the boiler by 
this liquid lcop was measured by calorimetric means (& AT), while the heat pipe 
P 
condenser was ccoled by an annular water jacket that also could be used as a 
flow calorimeter at higher power levels. Both sets of thermocouples were 
selected on the basis of identical readings at ice bath temperature and 10oOc, 
when used in conjunction with a 0.1'~ resolution Doric DS-350 digital thermo- 
couple readout. The Chromel-Alumel thermocouples were directly soldered to the 
inlet and outlet water connections and were well insulated. 
External heat loss from the insulated steam jacket was measured with the 
heat pipe in a dry condition, and was found to be described by a constant con- 
ductance of 1.41 \ g , f C ~ .  Hence, at a typical water temperature of 6s0c, &ut 
63 watts were lost to a 20'~ ambient. 
Prior to testing, the heat pipe was mounted in a large rigid frame and adjusted 
to a vertical orientation using a 61 cm long spirit level. Other angles were 
calculated by direct measurement of differential height from end-to-end of the 
heat pipe. 
3.1.2 Water 'Loop 
In orcier to operate at the higher powers necessary to test the high-capacity 
heat pipes developed during this program, a water loop heating system was con- 
structed. This loop is shown schematically in Figure 3-1.2. Also shown in 
this drawing are the locations of the thermocouples used to measure the per- 
fonnance of the heat pipe. The specific thermocouple numbers given in Figure 
3.1.2 are those used in the Mod-6 through Mod-10 tests; other numbering schemes 
were used in eariier tests. 
A mixinc "es:sel, with a volume of appoximately two liters, was used to provide 
a free surface. This ensured that the system could not become pressurized. 
The vessel drained into the jrLlet of a small pump. The capacity of the pump 
was approximately 350 to 425 cubic centimetzrs per second, depend-ng on the 

pip ing  arrangement used f o r  t h e  test. Measurements showed t h e  flow rate, f o r  
any p a r t i c u l a r  arrangement, t o  be cons tan t  over t h e  temperature ranges 
experienced during opera t ion  ( 2 5 - 1 0 0 ~ ~ )  . 
The discharge o f  t h e  pump was connected t o  a hea t e r  manifold. This  manifold 
i n i t i a l l y  contained approximately 3000 wa t t s  o f  e l e c t r i c a l  hea ters .  A s  h e a t  
p ipe  capac i t i e s  increased,  a d d i t i o n a l  elements were added t o  provide 6000, 
12,000 and f i n a l l y  15,000 w a t t s  o f  hea t  input .  The hea t ing  elements used were 
commercially a v a i l a b l e  u n i t s  f o r  ho t  water heating. 
The mixing vesse l ,  pump, and hea t e r  manifold were mounted on a c h a s s i s  a long 
with the  necessary e l e c t r i c a l  cont ro ls .  This assembly was connected t o  t h e  
evaporator heat ing jacket  wi th  foam-insulated high-pressure high-temperature 
hose. Overal l  hea t  l o s s e s  from t h e  t o t a l  system ranged from 250 t o  1500 wat t s ,  
depending on the  opera t ing  temperature. 
3.1.3 Heat Pipe Descript ion - Defin i t ion  of Burnout -
The hea t  p ipes  t e s t e d  i n  t h i s  program (Fisure  3.1.3 and 3.1.4) used t h r e e  d i f -  
f e r e n t  evaporat ive surfaces:  a s i n g l e  l a y e r  of 200-mesh s t a i n l e s s  screen,  
a p rop r i e t a ry  b o i l i n g  surface--High F l w  which is  manufactured by Linde Divis ion 
o f  Union Carbide, and a bare tube sur face .  The condenser sur face  i n  a l l  c a ses  
w a s  bare ,  as-received Type K copper tube. 
Most of t h e  open tube thermosyphon tests described i n  Sec t ion  3.2.1 were per- 
formed with a bare evaporator wal l  o f  Type K copper. Although some of  t h e  d a t a  
f o r  benzene and P.-11 were taken with t h e  previously mentioned 200-mesh screen  sur- 
face ,  these  da t a  have no t  been sepa ra t e ly  i d e n t i f i e d  because no s i g n i f i c a n t  e f f e c t  
of t he  screen on c r i t i c a l  a x i a l  h e a t  f l u x  was i d e n t i f i e d .  Subsequent t e s t s  per- 
formed on the  cocurrent  flow hea t  pipe used e i t h e r  a bare evaporator  tube w a l l  o r  
t h e  Linde High Flux sur face .  The p a r t i c u l a r  evaporat ive su r f ace  used i n  each t e s t  
I-- . . - - - I264 1 10.6 W a (  . I 0  7m 
1011 STL 
FIGURE 3 . 1 . 3 .  HEAT P I P E  AND SEPARATORS USED I N  OPEN-CORE TESTS AND 
PHASE 1 THROUGH PHASE 3 TEST SEQUENCES. 
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F I G U R E  3.1.4. PHASE 4/5 SEPARATOR AND HE.!T PIPE/SEPARATOR ASSEMBLIES USED I N  
TEST PHASES 6 THROUGH 10.  
sequence is i d e n t i f i e d  i n  Sect ion 3.2.2. The Linde High Flux surface w a s  a 
s in t e red  l aye r  o f  copper on a s u b s t r a t e  of  cupronickel.  
In  a l l  tests, t h e  l i q u i d  charge used w a s  one which would f i l l  approximately 
60% of  t h e  evaporator under s t a t i c  s a tu ra t ed  condi t ions  a t  2 5 ' ~ .  Where 
re levant ,  a c t u a l  gram loadings are ca l l ed  o u t  i n  subsequent s ec t ions .  
Heat pipe "burnout" was defined as follows. It was observed i n  a l l  cases  t h a t  
a p l o t  of  t h e  o v e r a l l  h e a t  pipe conductance versus  h e a t  f lux showed a s t e a d i l y  
increasing value of conductance wi th  hea t  throughput wtil burnout was imminent. 
Near burnout, the heat  p ipe  conductance would s t a b i l i z e  and  the,^ begin to  
f a l l ,  i n  many cases ,  very sharply.  For a l l  test runs, burnout was i d e n t i f i e d  
as t h e  hea t  f l u  a t  which t h e  o v e r a l l  conductance peaked. This means t h a t  a t  
"burnout" the  hea t  p ipe  was still funct ional ;  i n  many runs t h e  d i f f e r ence  
between t h i s  burnout f l u x  and a thermal runaway hea t  f l ux  was q u i t e  small--in 
o ther  cases ,  t h e  f l ux  a t  thermal runaway was a s  much a s  50% a r e a t e r .  
The hea t  f l ux  a t  peak conduztance was defined a s  burnout ljecause it was f e l t  
t h a t  t he  subsequent reduct ion i n  conductance with heat  input  was the  most c l e a r  
s i g n ~ l  of a fundamental and degrading change i n  heat  pipe operat ion.  
3.2 Experimental Performance 
An extensive s e r i e s  of t e s t s  has been performed t o  provide an experimental b a s i s  
f o r  t h e  hea t  pipe model developed i n  t h i s  p ro j ec t .  These t e s t s  a l s o  provided a 
comparison between open core  hea t  p ipes  and t h e  enhanced capac i ty  cocurrent  hea t  
pipes which were developed a s  p a r t  o f  t h i s  p ro j ec t .  
3.2.1 Open Core Heat Pipes 
Figure 3.2.1 is a p l o t  of c r i t i c a l  hea t  f l u x  versus tilt from hor izonta l ,  f o r  
four  d i f f e r e n t  f l u i d s ,  i n  a 1.91 cm I . D .  bare  tube hea t  pipe. Table 3.2.1 
presents  physical  proper t ies  c f  the  t e s t  f l u i d s .  
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Eqn 2.1-~10 
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CRITICAL AXIAL HEAT FLUXES FOR A 1 . 9 1  CY I . D .  
REFLUS HEAT P I P E  WITH FOUR DIFFERENT WORKING 
FLUIDS (FIGURE 3 . 2 . 1 )  AND CRITICAL AXIAL HEAT 
FLUX FOR A 2.54 3 1  1.9.  REFLUS HEAT P I P E  CHARG- 
ED WITH R-11 (FIGURE 3 . 2 . 2 ) .  

TABLE 3.2.1. TEST F W ID PHYSICAL PROPERTIES 
Liquid Vapor Vawr Energy 
Working Fluid/ Density, p Bond Density, 11 Density Pv 5 Temperature (1) (9/cm3 ) (g/cm w e r  (2) 
(1 1 Temperature a t  peak heat  f l u x  used f o r  property eval-aations. 
(2) For a diameter of 1.905 cm. 
The t e s t s  c l eh r ly  show four q u a l i t a t i v e  fea tures  of  r e f lux  heat  pipe operation 
and the  e f f e c t  of f l u i d  se lec t ion:  (1) a high l a t e n t  heat  and gas phase dens i ty  
r e s u l t  i n  grea ter  t r a n s p r t  capacity a t  a l l  tilts; (2) heat  f lux  versus tilt 
behavior is very s imi la r  for  a l l  f l u i d s  t e s t ed ,  indica t ing  a common physical  
mechanism of burnout; ( 3 )  heat  f luxes a t  near-horizontal a r e  very low; and 
(4)  the  absolute maximum a x i a l  f lux  occurs a t  a r e f l w  angle less than go0. 
Aside from the  obvious benef ic ia l  e f f e c t s  of reducing vapor/liquid shear  through 
an increase3 vapor phase energy dens i ty  (p h 1 ,  it is in te res t ing  t o  note t h e  
4 f g  
strong pos i t ive  influence of  liquid/vapor s t r a t i f i c a t i o n  which occurs when the  
heat pipe is not  i n  a v e r t i c a l  or ienta t ion .  The condensate stream o r  puddle 
formed by t i l t i n g  shie lds  more of the  condensate from vapor shear b-y improving 
the  r a t i o  o f  s5ear area t o  condensate flow cross-sect ional  area.  
The Bond numbers of  the  f lu ids  t e s t ed  range from about 10 t o  25. I t  might be 
expected t h a t  f lu ids  with a la rge  Bond number would have higher peak heat  
fluxes because of the  weakness of surface tension forces r e l a t i v e  t o  gravi ty  
forces, i - e . ,  hiql: Bond number f l u i d s  would have puddles with a minimum vapor 
shear area. The peak heat  f l ~ x e s  of each f l u i d  do, i n  f a c t ,  f a l l  i n  the  same 
01 e r  a s  t h e i r  Bond nvmbers, and th?  ref lux  angle a t  the  absolute maximum heat 
f l u x  d e c r e a s e s  w i t h  i n c r e a s i n g  Bond number. Benzene, w i t h  a Bond number o f  
abou t  10,  has  a maximum a x i a l  f l u x  o f  about 750 w a t t s  a t  a 30 t o  50° tilt, 
w h i l e  ;;-12, w i t h  a Bond number o f  24.5, has  a maximum axial f l u x  o f  abou t  
l9OC ..atts a t  a tilt a n g l e  o f  1 0  t o  20'. I n  a l l  cases, t h e  a x i a l  f l u x  a t  a 
9Ct0  ti?^ is s u b s t a n t i a l l y  less t h a n  t h e  f lux a t  t h e  optimum a n g l e ,  t h a t  is, 
as much a 5  one- th i rd  t o  one-half  lower t h a n  t h e  f l u x  a t  t h e  optimum tilt. 
There arc! no a n a l y t i c a l  o r  e m p i r i c a l  models i n  t h e  l i t e r a t u r e  t h a t  p r e d i c t  
t h i s  behavior .  
The peak h e a t  f l u x  i n  a v e r t i c a l  o r i e n t a t i o n  has  been s t u d i e d  i n  some d e t a i l ,  
as d i s c u s s e d  i n  S e c t i o n  2.1. F i g u r e  2.1.3 compares t h e  d a t a  shown i n  F i g u r e  
3.3.1 w i t h  t h e  model o f  Tien and Chung, and t h e  recommended c o r r e l a t i o n ,  equa- 
t i o n  (2.1-101, g iven  i n  S e c t i o n  2. I n  g e n e r a l ,  t h e  t a t a  f a l l  w i t h i n  503 o f  t h e  
Tien and Chung model, and is i n  good agreement w i t h  e q u a t i o n  (2.1-10) i f  Cw is 
i n  t h e  range 0.725sC s 0.35. 
W 
Figure  3.2.1 g i v e s  t h e  exper imental  r e s u l t s  f o r  c r i t i c a l  h e a t  f l u x  for R-11  i n  
a 2.54 cm I . D .  h e a t  p i p e  i n c o r p o r a t i n g  t h e  High Flux e v a p o r a t i v e  s u r f a c e .  Also 
shown i n  t h i s  f i g u r e  is t h e  v a l u e  f o r  a 90* tilt pred:-cted by e q u a t i o n  (2.1-10). 
3 . 2 . 2  Enhanced Performance Heat P ipes  
C a p c i t y  Enhancement 
I t  i s  apparen t  t h a t  one o f  t h e  primary f a c t o r s  l i m i t i n g  peak h e a t  t r a n s f e r  i n  
a r e f l u x  h e a t  p i p e  is c o u n t e r c u r r e n t  v a p o r / l i q u i d  s h e a r .  The s h e a r  p rocess  
and r e l a t e d  phenomena o f  wave a c t i o n  and d r o p l e t  en t ra inment  s e r v e  t o  starve 
t5e evapora to r  o f  l i q u i d  and cause  burnout.  Hence, t h e  primary g o a l  must b e  
t o  develop a means o f  c o u n t e r a c t i n g  t h e  i n t e r f a c i a l  s h e a r  or a c t u a l l y  us ing  
it t o  enhance perfarmance. 
The most obvious  mealxi o f  enhancing z a p a c i t y  is t o  s e p a r a t e  t h e  l i q u i d  and 
vapor f lows so t h a t  t h e  d e s t r u c t i v e  mechanisms r e l a t e d  t o  s h e a r  are e l imina ted .  
For nominally h o r i z o n t a l  r e f l u x  h e a t  p i p e s ,  t h i s  can be done by p l a c i n g  a 
smaller d iamete r  t u b e  i n  t h e  h e a t  p i p e  and  f i l l i n g  the h e a t  pipe t@ a level 
such t h a t  t h e  condenser end o f  the h e a t  p i p e  is f looded,  the reby  p r o v i d i n g  a 
f l u i d  r e t u r n  to t h e  extreme evapora to r  end. (12) A second techn ique  t h a t  has  
been used on  v e r t i c a l  r e f l u x  l i q u i d  metal h e a t  p i p e s  is to prov ide  a x i a l  f low 
channels  o r  " g u t t e r s "  f o r  condensate  t o  minimize t h e  v a p o r / l i q u i d  c o n t a c t  area 
and the reby  l i m i t  shear .  L32 )  Both o f  t h e s e  t echn iques  w i l l  p r o v i d e  s u b s t a n t i a l  
c a p a c i t y  improvements, and t h e  secondary t u b e  approach is reasonab ly  cost- 
e f f e c t i v e  and inunune t o  b o i l i n g  w i t h i n  the condensate  r e t u r n .  The a x i a l  f low 
channel  is s a t i s f a c t o r y  f o r  l iqu id -meta l  h e a t  p i p e s  b u t  could  pose problems 
f o r  o r g a n i c  h e a t  recovery h e a t  p i p s  where t h e  w a l l  s u p e r h e a t  is g r e a t e r ,  t h e  
tendency towards n u c l e a t e  b o i l i n g  is marc :~ronounced, and l ~ q u i d  s u r f a c e  ten-  
s i o n s  lower. S e c t i o n  3 . 2  d e s c r i b e s  t h s  class o f  f lcw s e p a r a t o r  approaches 
t e s t e d  i n  t h i s  proqram. These tests r e s u l t e d  i n  a s e p a r a t o r  opt imized f o r  
o r g a n i c  and f luorocarbon working f l u i d  h e a t  pipes. 
A sumnary o f  test r e s u l t s  f o r  v a r i o u s  vapor - l iqu id  s e p a r a t o r s ,  a long  wi th  d a t a  
f o r  p ipes  wi thou t  s e p a r a t o r s ,  is g iven  i n  Table  3 . 2 . 2 .  
General  D e s c r i p t i ~ n  of T e s t  Phases 
A l l  t e s t s  l ~ s t e d  i n  the t a b l e  were performed w i t h  R-11 workinq f l u i d ,  and a r e  
i d e n t i f i e d  by a x i a l  t r a n s p o r t  c a p a c i t y  and t h e  corresponding v z p r  core tempera- 
t u r e .  T e s t  sequences 1 throuqh 5 were performed w i t h  a 1.425 cm I . D .  b a r e  
evapora to r  s u r f a c e  and a r e l a t i v e l y  small 0.35 cm I.D. condensate  r e t u r n  tube.  
The Phase 1-3 t e s t s  used ci r e l a t i v e l y  s h o r t  s e p a r a t o r  p l a t e  t h a t  p e n e t r a t e d  
on ly  a s h o r t  d i s t a n c e  i n t o  t h e  rondenser  zone. These s e p a r a t o r  p l a t e s  inc reased  
c a p a c i t y  a t  l c w  t i l t  ang les  by a b u t  a f a c t o r  of two r e l a t i v e  t o  an open- 
s e c t i o n e d  h e s t  pipe, bu t  had no s u b s t a n t i v e  e f f e c t  on v e r t i c a l  r e f l u x  performance 
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TABLE 3.2.2. DATA SUMMARY FOR CONVENTIONAL AND HIGH-PERT01 
REFLUX HEAT PIPE TESTS USING R-11' 
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6* - ~ ;  E 
Tests  Tests  Tests ~ests  Tests Tests 
(w/OC) (w/OC) (w/OC) (W/OC) (w/OC) (W/OC) - 
970/37 NO 
1730/48 change 3000/40 





' I n i t i a l  l i qu id  load = 240 g of R-11. 
, ' I n i t i a l  l i qu id  load = 450 g of R-11. 
34. 3' tilt. 
L R Y  FOR CONVENTIONAL AND HIGH-PERFORMAWE 
PIPE TFSTS USING R-11' 
Phase 4 Phase 5 Phase 6 2  Phase 72 Phase Phase 9* Phase l o 2  
W000/60 1.3500/50 %5600/75 5500/75 
1730/48 change 3000/40 %500/72 1.7000/70 >7300/82 7100/81 
24001 54 from 3500/38 >8500/81 






i FOLKXILIT FRAME \ .  
TABLE 3.2.2. CONTINUED 
Iden t i f i ca t ion  o f  Tes ts  
Base Tube: Bare, 1.9 cm i n s ide  diameter heat  pipe. Figure 3.1.3. 
Screened Evaporator: 1.9 cm diameter with 200-mesh screen l i n i n g  i n  evaporator. 
Phase 1: 
Phase 2: 
1.9 cm heat  pipe with 17.9 cm long separa tor  tube and 
0.45 cm I .D. r e tu rn  tube. Figure 3.1.3. 
1.9 cm heat  pipe with 22.8 cm long separa tor  p l a t e  and 
0.45 cm I.D. re turn  tube. Figure 3.1.3. 








1.9 cm heat  pipe w i t h  t ransparent  ad iaba t i c  sect ion;  
105 cm long separator  p l a t e  and 0.45 cm I.D. r e tu rn  tube. 
Figure 3.2.4. (Phase 4 modification is shown with Phase 5 
evaporator s p i r a l .  Phase 4 condensate tube is t h e  same a s  
t h a t  used i n  Phase 4, minus the  s p i r a l . )  Figure 3.1.3. 
1.9 cm heat  pipe with t ransparent  ad iaba t i c  sec t ion ,  
105 c m  ldng seEarator p l a t e  and s p i r a l  i n s e r t  i n  t h e  
evaporator sect ion.  Phase 4 modification, Figure 3.1.4. 
2.54 cm heat  pipe with Linde High Flux* evaporator surface  
and no separator .  Figure 3.1.4. 
2.54 cm heat  ?ipe w i t h  High Flux evaporator,  108.6 cm long 
s e ~ a r a t o r  p l a t e  and 0.9 cm I . D .  r e tu rn  t e e .  Figure 3.1.4. 
2.54 c m  heat  pipe with H'gh Flux evaporator, 108.6 c m  long 
separa tor ,  or iented  v e r t i c a l l y  and 0.9 cm I.D. r e tu rn  tube. 
2.54 cm heat  pipe with High Flux evaporator,  108.6 crn long 
separator  and perforated 0.9 c m  I.D. r e tu rn  tube. 
2.54 cm heat  pipe with High Flux evaporator, 108.6 cm long 
separa tor  and 1.2 cm I.D. re turn  tube. Figure 3.1.4. 
* Commercial designation of proprietary porous boi l ing  surface manufactured by 
Linde Division of  Union Carbide Corporation. 
FIGURE 3.2.3 
Separator t e s t  sequence No. 3, 50° tilt, 2400 watts ,  1/500-second exposure 
t i m e .  Condensate capture pocket on r i g h t  s i d e  of  separator  p l a t e  is f u l l  
of l iqu id ,  and vapor-liquid flow i n  heat  pipe core is a mixture of annular 
and puddle flow. Heat pipe core flcw pa t t e rns  a t  30 and 40' t ilts look 
s imi la r  t o  the  flow pat tern  i n  t h i s  photograph. 

The Phase 3-5 t e s t  sequences were performed with a g l a s s  adiabat ic  sec t ion  so  
a s  t o  observe heat  pipe dynamics. Figure 3.2.3 is a representa t ive  photograph 
of the  Phase 7 heat  pipe a t  a f l u x  o f  about 2500 watts.  
In  Phase 4, the  separator  p l a t e  length was increased s o  t h a t  almost t h e  e n t i r e  
condenser was s p l i t  i n t o  halves. This permutation had a dramatic e f f e c t  on 
v e r t i c a l  operation. With the  long separa tor  p la t e ,  v e r t i c a l  r e f l u x  hea t  pipe 
capacity exceeded the  c a p a b i l i t i e s  of  the pumped water loop, providing a f ac to r  
of 2.5 gain over the  e a r l i e r  open tube t e s t s .  The longer separator  
p l a t e  reduced t ranspor t  capacity a t  tilt angles l e s s  than o r  equal to  30° by 
about 5 t o  20%. Overall ,  t he  ga ins  associated w i t h  the  long separator  p l a t e  
f a r  outweighed the  small reduction i n  capacity a t  low tilt angles. I n  Phase 5, 
a s p i r a l  i n s e r t  was used i.1 t he  evaporator i n  an attempt t o  improve evaporative 
heat  t r ans fe r  coe f f i c i en t s .  The s p i r a l  i n s e r t  configuration is de ta i l ed  i n  
Figure 3.1.4. There was no neasurable improvement i n  evaporator conductance. 
In Phases 6 through 10, a 2.54 cm I . D .  heat pipe was used with an evaporator 
t h a t  was coated with the  Linde High Flux porous boi l ing  surface. Phase 6 t e s t s  
were performed with an open core ( t h a t  is,  no separa tor  p l a t e  o r  condensate 
re turn  tube) t o  e s t ab l i sh  a performance basel ine.  
Phase 7 and Phase 8 t e s t s  were performed using a 0.9 cm I.D. condensate re turn  
tube and a ful l- length separa tor  p i a t e  oriented horizontal ly and v e r t i c a l l y  i n  
Fhases 7 and 8, respectively.  No s i g n i f i c a n t  d i f ference  i n  a x i a l  t ranspor t  
capacity was found a t  low tilts; the  o r i en ta t ion  of the  separator  p l a t e  was of 
secondary importance. 
In Phase 9 t e s t s ,  the  0.9 cm I.D. condensate re turn  tube was perforated 
periodical ly i n  the  evaporator zone t o  allow l iqu id  t o  bleed onto the  evaporator 
surface i n  a roughly uniform fashion. This should r e s u l t  i n  a capacity increase 
since a l l  of the  condensate does not have t o  t r a v e l  t o  the  f a r  end of the  evapor- 
a to r ,  resul t ing  in  a reduction i n  l iqu id  pressure drop. A capacity increase 
of up t o  60% was observed a t  low t i l t  angles. 
In  Phase 10, a p la in  tube of 1.2 cm I . D .  w a s  used a s  the  condensate return.  
The t ranspor t  capacity of t h i s  heat  pipe was very c lose  to t h e  capab i l i ty  
of the  Phase 9 heat  pipe. The Phase 10 heat  pipe is c lose  t o  having an op t i -  
mum r a t i o  of  condensate tube diameter t o  hea t  pipe diameter. In  v e r t i c a l  
r e f l w  operat ion,  the Phase 10 heat  pipe demonstrated a t ranspor t  capacity 
t h a t  i s  a f ac to r  of  9 g rea te r  than possible with an open cross-section heat  
pipe, while a t  a tilt angle of lo0 ,  a performance increase of 2.3 times w a s  
obtained. 
In  the  following t e x t  and f igures ,  the  more s i g n i f i c a n t  t e s t  sequences w i l l  
be discussed. 
Detailed Discussions 
Experimental values f o r  burnout power, o r  c r i t i c a l  heat  f lux ,  versus tilt 
angle a r e  p lo t t ed  i n  Figures 3.2.4 and 3.2.5 f o r  R-11 and benzene i n  the  Phase 10 
heat  pipes. Also shown on these  p l o t s  a r e  the  predicted r e s u l t s  based on the  
Section 2.2 modeling. The r e s u l t s  a r e  i n  excel lent  agreement considering the  
d i f f i c u l t y  of measuring the  exact  value of  burnout power. In  Figure 3.2.5, 
two of the  da ta  points  a r e  indicated with "up" arrows. The data  point  a t  an 
$0' tilt was l imi ted  by the  open pumped water loop temperature approaching 
10oOc, while the  point  a t  a 90' v e r t i c a l  o r i en ta t ion  is the  lower l i m i t  heat  
f lux  obtained during the  o s c i l l a t i o n s  discussed subsequently. The three "up" 
arrows shown i n  Figure 3.2.4 were caused by l imi ta t ions  i n  the  power ava i l ab le  
f o r  heating the  evaporator. 
In  Figure 3.2.6, a l l  burnout da ta  fo r  benzene and R - 1 1  t h a t  was taken with the  
Phase 3 ,  4 ,  7, acd 10 separa tors  is compared a s  a function of  tilt angle 
with the  theore t i ca l  predict ions.  The experimental da ta  a :  predicted t o  
within f25%. This l eve l  of agreement is qu i t e  sa t i s fac to ry  considering the  
accuracy l imi ta t ion  of the  Lockhart-Martinelli and Owens models of two-phase 
pressure drop, and the  uncertainty i n  ident i fy ing burnout heat f lux.  Exit and 
entrance q u a l i t i e s  f o r  the  evaporator and condecser were s e t  a t  0.9 and 0.67, 
respectively,  f o r  a l l  model ca lcula t ions .  
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When operated i n  a v e r t i c a l  o r  near-vert ical  o r i en ta t ion ,  the  highest  capacity 
evaporator system, Phase 10, tended t o  o s c i l l a t e  between two d i f f e r e n t  modes of 
operation. This o s c i l l a t i o n  is  shown i n  Figure 3.2.7, where the evaporator 
jacket temperature is  p lo t t ed  versus time. The period of  the  o s c i l l a t i o n  is  
approximately 24 minutes i n  t h i s  case. A check was made of the  time constant 
associated with heating and cooling the  z n t i r e  heat  pipe heating loop system 
and it was determined both experimentally and theore t i ca l ly  t o  be approximately 
4 minutes. Thus, it appears t h c t  the  observed o s c i l l a t i o n s  were fundamental 
t o  t h e  operat ion of t h e  hea t  pipe and were not an a r t i f a c t  of the  t e s t  setup. 
The experimental da ta  taken with Phase 10 indica te  t h a t  the  o s c i l l a t i o n s  i n  heat  
pipe performance were due t o  changes i n  the  thermal conductance of the  condenser 
sect ion.  Bezrodny (17) has observed s imi lar  o s c i l l a t i o n s  i n  the  operation of 
bare tube themsyphons .  He a t t r i b u t e s  the  o s c i l l a t i o n s  t o  changes i n  the  
nature of the  flow i n  the  evaporator sect ion.  It was not poss ib le  i n  these  
t e s t s  to  e s t ab l i sh  the  cause of the  o s c i l l a t i o n s  i n  the  Phcse 10 he-:  pipe, and 
it is, therefore ,  not c l e a r  whether the  q u a l i t a t i v e  observations of Bezrodny 
explain the  changes noted here. 
Figure 3.2.8 is  a p l o t  oT overa l l  conductance versus power f o r  the  2.54 cm heat 
pipe using the  Phase 10 separator .  The working f l u i d  is  benzene. This graph, 
which i s  generally typica l  f o r  a l l  f l u i d s ,  has severa l  fea tures  of i n t e r e s t .  
F i r s t ,  it can be seen t h a t  the  conductance versus pcwer curves follow a nearly 
common curve w t i l  the  burnout power for  the  p a r t i c u l a r  angle is approached. 
The graph a l so  shows t h a t  the  burnout power i s  not sharply defined. Another 
in te res t ing  r e s u l t  is t h a t  the  burnout power appl.:ars a s  a reduction in  the  
conductance of the  evaporator sect ion of the  heat  pipe, a phenomenon a l so  observed 
in  the  open core heat pipes of  sec t ion  3.2.1. 
Figure 3.2.9 shows the evaporator and condenser conductances as a function of 
heat  flux. Up t o  the  point  of burnout, both the  evaporator and condenser 
conductances increase with heat f lux.  The peak evaporator coi~duct.ances of 
500 t o  700 watts/'C obtained with the High Flux surface correspond t o  a heat  
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2 2 
t ransfer  coefficient  of 0.59 t o  0.83 W / c m  K (1040 t o  1460 B t u / h r - i t  OF) over a 
2 2 
radia l  heat f lux density range of 3 to  18 W/cm (9500 t o  57,000 B t u / h r - i t  ). 
2 The condenser heat t ransfer  coefficients f a l i  i n  the range of 0.09-0.25 W/cm K 
2 for  a radia l  heat f l u  density range of 2.70 t o  16 W/cm K. It is c l ea r  t ha t  
the condenser coeff ic ient  associated with the  bare tube I . D .  l i m i t s  the  overall  
heat pipe conductance, and is an area requiring further development. 
4.0 SUMMARY AND CONCLUSIONS 
By the in t roduct ion  of  a plate-and-tube separa tor  assembly i n t o  a h e a t  p ipe  
vapor core, it has been demonstrated t h a t  a x i a l  t r a n s p o r t  capac i ty  i n  r e f l w  
mode can be improved by up t o  a f a c t o r  of  10. This  improvement is l a r g e l y  
t h e  r e s u l t  o f  e l imina t ing  the  countercurrent  shear  t h a t  commonly limits re- 
f l u  h e a t  p ipe  axial capaci ty.  With benzene, a x i a l  h e a t  f l uxes  up t o  1800 
2 
W/cm w e r e  obtained i n  t he  temperature range 40 t o  80°C, while  h e a t  f l u x  den- 
2 
s i t i e s  up t o  3000 W / c m  were obta ined  with R - 1 1  over  t h e  temperature range 40 
t o  80°C. These very high axial c a p a c i t i e s  compare favorably wi th  l i q u i d  
metal l i m i t s ;  t h e  son ic  l i m i t  f o r  l i q u i d  sodium, f o r  example, is 3000 W / c m  2 
at  67S°C. Computational models developed f o r  t hese  cocurrent  flow hea t  p ipes  
agreed with experimental d a t a  wi th in  +25%,  and a computer program WIPE was 
w r i t t e n  t o  f a c i l i t a t e  opt imizat ion and ca l cu la t ion  of  hea t  t r a n s p o r t  limits f o r  
d iverse  cocurrent  flowheat p ipe  designs. 
The high a x i a l  t r a n s p o r t  l i m i t s  ob t  .able under cocurrent  flow condi t ions  can 
l ead  t o  s u b s t a n t i a l  reduct ions i n  hea t  exchanger c o s t  through a reduct ion i n  
t h e  number of hea t  p ipes  required.  However, t o  gain f u l l  b e n e f i t  of t h e  
increase  i n  a x i a l  capac i ty ,  t h e  r a d i a l  hea t  t r a n s f e r  r e s i s t a n c e s  assoc ia ted  
with vaporizat ion and condensation must not  account f o r  an apprec iab le  frac-  
t i o n  of t he  ho t  stream/cold stream temperature d i f fe rence .  For t h e  develog- 
mental hea t  pipe t e s t e d  i n  t h i s  program, the  evaporator  conductance was 
inproved thr-ugh use of t he  Lln3e Highflux porous b o i l i n g  su r f ace ,  while no 
condenser improvement was a t t enp ted  beyond t h e  smooth-walled tube used i n  
t hese  t e s t s .  Heat t r a n s f e r  c o e f f i c i e n t s  f o r  t he  evaporator and condenser f e l l  
2 2 i n  t he  range 0.59-0.83 \J/crl\ K and 0.09-0.25 W/cm K ,  respec t ive ly .  
Using these  hea t  t r a n s f e r  c o e f f i c i e n t s  and r a d i a l  hea t  f l ux  d e n s i t i e s  i n  t h e  
2 t o  20 w/cs2 rar:ge ( a s  t y p i c a l  of many hea t  recovery app l i ca t ion=) ,  it can 
be seen t h a t  o v e r a l l  temperature l o s ses  for t he  evaporator and condenser 
could range from 2.5-34*C t o  22-80°C, respec t ive ly .  Since most hea t  recovery 
applications have overal l  temperature differences of 250°C or  less ,  it is 
clear  tha t  from 10% t o  one-third o r  more of the available temperature dif far-  
ence may be l o s t  i n  the heat pipe. It is therefore c lear  tha t  improvements 
i n  evaporating and condensing heat transfer coefficients w i l l  be needed i n  
many cases t o  take f u l l  advantage of the cocurrent flow heat pipe's high flux 
capabil i t ies.  
These heat pipes are ideally suited for  heat recovery applications with large 
hot stream/cold stream temperature differences and where radial  and axial  
heat fluxes are sizable,  as  for  example i n  stack gas recuperators and heat 
recovery boilers,  o r  where re la t ively long heat pipes are  required or  indi- 
cated on the basis of performance and cost studies. 
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APPENDIX A 
COMPUTER PROGRAM "HPIPE" 
PROGRAMMED IN 
EXTENDED BASIC ?OR THE PDP-11 
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